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1. INTRODUCTION

The importance of LPG in our daily life cannot be overemphasized. It is widely used as a source of energy
in domestic, agricultural, and industrial settings (Gupta, 2017). Leakage of LPG has hazardous effects on
humans and other living creatures (Shahadat et al., 2019). If not attended to, it can cause explosions, fire
outbreaks, and also asphyxia when inhaled in high concentrations (Suyuti et al., 2019). The main challenge
of sensing LPG leakage is the difficulty in detection of its odour and colour by human sensory organs (Mallik
et al., 2020). Consequently, ethanethiol is normally added to LPG to give it a unique odour thereby making
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it detectable through smelling (Chafekar et al., 2018; Folorunso et al., 2019). However, due to the
unreliability of human smelling ability, a gas sensor can be used for accurate sensing of gas concentration
(Jirage et al., 2016).

Semiconductor-based metal oxide gas sensors, comprising MQ-series and other versions, are popular due to
their availability, ease of use (Winsen, 2014), high sensitivity, and low cost (Baha and Dibi, 2009; Popa et
al., 2019). Ordinarily, MQ-series gas sensors give a reliable response to LPG concentration in an enclosed
space within specified limits of temperature (25-30 °C) and relative humidity (RH) (55 - 65%) (Mallik et al.,
2020). Even though enormous research efforts have been made on LPG leakage measurement, monitoring
and control, no rigorous attention has been paid to the sensor dynamics modelling, sensor characterization
and system performance evaluation using simulation and emulation responses, based on the literature.

IoT-based LPG leakage monitoring and control system was developed in Shahadat et al. (2019), where the
LPG leakage was sensed by MQ-series gas sensor. The same type of system was proposed in Meshram et
al. (2019). The sensor output of these systems was processed by the node microcontroller unit (MCU). In
Shahadat et al., (2019), the processed gas leakage data were logged to the cloud server via router for proper
monitoring and retrieval by the administrator. Comparison of the processed LPG leakage concentration data
and threshold was carried out in Meshram et al. (2019) by the MCU, which in turn output an appropriate
signal based on the errors. The output of the gas pollutant sensor circuit in Rawal, (2019) and Alure et al.,
(2020) was processed by an MCU. The processed data were compared with the threshold value in Rawal,
(2019) while logged into the firebase database in Alure et al. (2020). Based on the result of the comparison
the controller activates or deactivates the necessary units and send the system status to the web page through
Wi-Fi module. Raspberry Pi 3 was used for LPG leakage concentration data processing and comparison in
Lakshmi et al. (2019). Based on the results obtained, an activation signal was sent to activate the required
units in the remote location via a Wi-Fi module.

LPG leakage detection system proposed in previous studies used MQ-series gas sensors for sensing the gas
leakage concentration (Apeh et al., 2014; Shivalingesh et al., 2014; Raj et al., 2015; Unnikrishnan et al.,
2017; Mohapatra et al., 2017; Gase et al., 2018; Ramya et al., 2018; Folorunso et al., 2019; Pavithraa et al.,
2019). The outputs of the gas sensor were fed to the microcontroller for processing and the processed data
were then compared with the threshold. If the sensed gas concentration is greater than the threshold, the
microcontroller among other actions activate the alarm. The gas concentration was also monitored and the
situation reported appropriately in the system (Bharade et al., 2017; Ravichandran, 2017; Naik et al., 2018).

In a microcontroller-based LPG leakage concentration monitoring and control system proposed some
previous researchers (Ismail et al., 2014; Aishwarya et al., 2017; Natarajan et al., 2017; Siddiqui et al., 2017;
Chafekar et al., 2018; Suarsana et al., 2018; Mahmood et al., 2019; Suyuti et al., 2019), the leaked gas
concentration was sensed using MQ-4 (Siddiqui et al., 2017), MQ-6 (Ismail et al., 2014; Aishwarya.A et al.,
2017; Natarajan et al., 2017; Suyuti et al., 2019), MQ-5 (Chafekar et al., 2018) and MQ-2 (Suarsana et al.,
2018; Mahmood et al., 2019) gas sensors. The sensor output signal was processed using a microcontroller
through which the gas concentration threshold has been set. When the gas concentration goes above the set
value the microcontroller activates the alarm and alert the user, display the status on LCD and also send it
as SMS to the designated GSM numbers via GSM module. The gas detector and alarm system developed by
Attia and Ali, (2016) and Gupta, (2017) make use of purely discrete electronics components for processing
the output signal from the MQ-6 gas sensor circuit. In Attia and Ali, (2016), based on the discrete electronic
design, an alarm will be activated when the gas leakage concentration threshold is exceeded. Also, in Gupta,
(2017) the output of the sensor circuit was fed to the astable multivibrator mode connected 555-timer circuit
in such a way that the circuit is triggered when the gas concentration is greater than the threshold value. The
timer output is connected to the base of a transistor switching circuit on which a solenoid-based siren alarm
is connected as a load which make the alarm to be ON when the circuit is triggered.

Sensor circuit characterisation and system performance evaluation using simulation and emulation responses
were not addressed in any of the reviewed works found in the literature. Due to these research gaps, a sensor
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dynamics model was employed in this study to graphically characterize the MQ-6 gas sensor. The
ATMEGA328 microcontroller was used for central processing (signal conditioning and data processing).
An alternative method of assessing system performance in which the system simulation and emulation
responses were used as the ideal and the actual system output respectively were employed in this study.

2. MATERIALS AND METHODS
2.1. Design Specification and Overview of the Proposed System

The proposed system should be able to monitor the LPG concentration level between 200 and 10000 ppm.
The alarm unit becomes active when the sensed concentration equals 1000 ppm which is the allowable
concentration level (1000 ppm) for the human environment (Yan and Rahayu, 2014) and remains active until
it is reset or the concentration goes below 1000 ppm. More so, the operational temperature and relative
humidity are 27.5 °C £ 2.5 °C and 60% % 5%, respectively (Hanwei, 2019). The system consists of a sensing
unit (SU), signal conditioning unit (SCU), data processing unit (DPU), a display unit (DU), power supply
(PS) and alarm unit (AU) as well as a Wi-Fi Module (WFM), which links the system with the remote personal
computer (PC) via cloud server (CS) as shown in Figure 1.

Display Unit

. Data - -
Sensing | Signal Processing . Wi-Fi Ll Cloud
Unit Conditioning Unit Module Server

Unit l
Microcontroller
.......................................... Persanal

T Alarm Unit Computer

Power Supply I

Unit

Figure 1: Block diagram of the proposed system

The SU is the sensor circuit made up of MQ-6 gas sensor and its associated load resistor. The sensor selection
is based on its high sensitivity to LPG concentration, long life span, low cost and simple drive circuit
(Winsen, 2014; Hanwei, 2019) The SCU and DPU are integrated using microcontroller and associated
software. The SU output voltage serves as the input to the SCU. Based on the SCU output voltage and gas
concentration relationship equation (Ajiboye et al., 2021) the DPU processes the output voltage from the
SCU. The output of DPU in turn serves as input to DU and AU. An alert is produced by AU once the gas
concentration limit is attained. The PS unit provides the required system power as shown in the
interconnection of system units presented in Figure 1.

2.2. Characterization of MQ-6 Gas Sensor Dynamics

The MQ-series gas sensor model equations (1 to 3) were used for the sensor characterisation (Ajiboye et al.,
2021).

Rg = 10(mlogyo(x)+logso(c)+logso(R0)) (D

Where Rg = the sensor resistance (k{1), R, = the sensor resistance for base gas concentration at standard
temperature and RH (kQ), m = slope of the LPG sensitivity curve, x = concentration of the gas (ppm), ¢ =
. . . R .
1074 and q = intercept of the LPG sensitivity cuve with R—S axis
o

— _RiVec
Ve (Rs+RL) 2)
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Where V¢ = the activation voltage (V), Vg, = the sensor circuit output voltage (V) and Ry =
the load resistance (kQ).

RiVcc

VRL = gmiogzomiogiotorogo®ony k) G

The two variables of interest are Vp; and x; therefore Equation (3) that connect these two variables was
modified for ease of data processing. This was achieved by generating the mathematical function that best
fit the curve obtained by plotting Vp; against x via curve fitting. Since x is the system variable to be both
measured and monitored, it must, therefore, be expressed as a function of the sensor output voltage as shown
in Equation (4).

_( 23.09 )(o.ozlm)
x = ——

21.59—Vg,,

“)
2.3. Selection and Programming of Microcontroller

The ATMEGA328 microcontroller from Microchip was used as the central processing unit. This
microcontroller was selected in this study due to its inherent characteristics which include low power
consumption and high processing speed (Atmel, 2015). The complete circuit diagram for the developed
system is as shown in Figure 2 with the analogue input voltage from the sensor circuit fed to the
microcontroller and the output digital value of the gas concentration goes out of the microcontroller and fed
to the display. Also, the AU and WEM are fed from one output pin each. For effective coordination of the
system activities, a programme was written for: (i) determining the gas concentration in terms of sensor
circuit output voltage using Equation (4), (ii) displaying the gas concentration value on LCD, (iii) logging
the gas concentration value to the cloud and (iv) activating the alarm unit when the threshold concentration
value is reached. The flow chart that shows the step-by-step execution of the programme leading to the
achievement of the system overall goal is as shown in Figure 3.

LCD

889 y3. ssnmasas

,Nk ol

oF

T

1 xey HHRRARNAN
)

!

|:, =
RS 5
A PaimarenTi i, 1= r Il
Sensor ] e e Ly 7 I [
1L rosm =
pras IPCINTE
U RL nl L
Al mer
i — avce FoDcivCas e c1
= i 2
[] R1 e MACAECe TS |22 2pF
" PCERESET/PCINTIA ez
T
|

T

Figure 2: Circuit diagram of the LPG concentration monitoring system with alarm and cloud-based logging
facilities
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Figure 3: System programme execution flow chart

2.4. System Simulation and Emulation

Rigorous testing and performance analysis of the developed system requires specialized instrument, which
is not easily available in the Third World countries due to high costs of acquisition. Therefore, simulation
and emulation were respectively carried using Equation (4) and the experimental setup shown in Figure 4.
The setup consists of a digital meter, the developed system, variable dc PS unit and a laptop PC. The
developed system was powered from a constant +5V dc source inside the system and the output of the
variable power supply was connected to pin 23 of the microcontroller to mimic the sensor circuit output
voltage. Then the voltage from the variable power supply was varied within 1.545 V and 3.455 V, which is
the expected output voltage range from the SU and the system output recorded.

Digital Vokmeter

Figure 4: The emulation experimental setup for LPG concentration monitoring system
2.5. Cloud Storage for LPG Concentration Data

In this study, the online platform was developed using Ruby on Rails and node.js while the cloud database
was developed using python 3. The processed LPG concentration data was transmitted to the cloud database
for storage via the wi-fi module using Hypertext transfer protocol secure. The stored data can be viewed in
real-time and also accessed using network devices that have the access protocol. The data logged into the
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cloud database can be downloaded as JavaScript object notation (JSON) file or Comma-separated values
(CSV) file format which is easily accessible using Microsoft Excel Software or Notepad.

2.6. System Testing

The functionality of the alarm and LCD units of the developed system was tested using the experimental
setup shown in Figure 4, by varying the input voltage to the microcontroller from the sensor emulator from
minimum to maximum expected values from the SU (1.545 V to 3.455 V). The gas concentration level as
displayed on both the laptop PC and LCD and also the value of the concentration at which the alarm was
activated were monitored. To test the data logging and retrieval stage of the system, the sample of LPG
concentration data were logged into the cloud and later downloaded via the laptop PC serial terminal
interface, the value and format of the uploaded and downloaded data were then compared.

3. RESULTS AND DISCUSSION

The response of Rg to x, Vg, to Rg and Vp; to x was obtained using Equations (1), (2), and (3) respectively;
where Ve = 5V, Rp=23.065kQ and R, = 20 k) for MQ-6 gas sensor (Hanwei, 2019) and is as shown in
Figures 5, 6 and 7 respectively.
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Figure 5: Graph of sensor resistance against the gas ~ Figure 6: Plot of sensor circuit output voltage against
concentration sensor resistance

It can be seen from Figure 5, that Ry decreases as x increases with a maximum value of 44.72 kQ
corresponding to a minimum concentration of 200 ppm. The resistance decreased to a minimum value of
8.944 kQ at the maximum concentration of 10000 ppm which shows that the sensor resistance is inversely
proportional to the gas concentration (Sakayo et al., 2019). It was revealed in Figure 6 that the voltage
decreased with an increase in sensor resistance which confirm the results obtained by Sakayo et al. (2019).
The maximum and minimum values of the sensor circuit output voltage were 3.455 V and 1.545 V,
respectively, corresponding to sensor resistance values of 8.944 kQ and 44.72 kQ.

Using MATLAB curve fitting APPS the best curve that fit the curve of Figures 7 was obtained with an R-
squared value of 0.9998. The corresponding generated mathematical function is power 2 with 95%
confidence bounds and is as shown in Equation (5).

Ve, = —23.09x7002628 4 21 59 5)

As can be seen, Equation (5) is the system model equation that directly relates the output voltage with the
gas concentration. The advantage of using Equation (5) over Equation (3) is that Equation (5) is in a more
compact form compared to Equation (3) as it contains a smaller number of parameters and variables.
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Figure 7: Plot of sensor circuit output voltage against the gas concentration

As can be observed from Figure 7, the sensor circuit output voltage increased with an increase in gas
concentration which is in agreement with the results obtained by Sakayo et al. (2019). The minimum and
maximum obtainable voltages were 1.545 and 3.455 V, respectively, which corresponded to a gas
concentration of 200 and 10000 ppm. The mathematical function generated via the fitting process; Equation
(5) yielded the same results as that of Equation (3) but with less processing effort as the former contains a
smaller number of parameters.

The plots of gas concentration versus the sensor output voltage (both simulated and emulated) are shown in
Figure 8. The simulated and emulated data values were assumed to be the reference and actual respectively
and the plot of their absolute error versus gas concentration is also shown in Figure 9. From the simulated
and emulated system responses shown in Figure 8, the minimum and maximum gas concentration obtained
for the simulated response were 200 and 10000 ppm at corresponding voltages of 1.545 and 3.455 V
respectively. Also, for the emulated system the minimum and maximum gas concentration obtained were
196 and 10020 ppm, respectively corresponding to 1.545 and 3.455 V. Using Figure 9, the minimum and
maximum percentage absolute errors were determined to be 0.02 and 2.67%, respectively which correspond
to the gas concentration of 200 and 1387 ppm.
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The displayed data on LCD is the same as that on the laptop screen when viewed simultaneously which
shows that the LCD is functioning well. The alarm triggered at the set gas concentration value of 1000 ppm
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as expected. Finally, the logged and retrieved data are the same both structurally and numerically when
compared.

In this study, the results were obtained based on a rigorous analysis of sensor dynamics which makes the
results to be reliable and repeatable unlike in some other reported work (Yan and Rahayu, 2014; Attia and
Ali, 2016; Mohapatra et al., 2017; Aishwarya et al., 2017; Bharade et al., 2017; Gupta, 2017; Unnikrishnan
et al., 2017; Gase et al., 2018; Folorunso et al., 2019) in which the sensor dynamics were not fully analysed
and characterised. With these results, the developed system can adequately serve as LPG measurement and
monitoring device.

4. CONCLUSION

The sensor dynamics was graphically characterised for easy analysis. The study revealed that the sensor
resistance reduces with an increase in gas concentration. Also, sensor circuit output voltage reduces as the
sensor resistance increases; whereas the former increases as the gas concentration increases. The response
of the developed system was further simulated and emulated, and the minimum and maximum percentage
absolute errors between the two system responses were 0.02% and 2.67%, respectively corresponding to the
gas concentration of 200 and 1387 ppm. The data obtained from the responses of the system simulation and
emulation were used as alternative data for system performance evaluation. The alarm unit was activated
when the increment of gas concentration value reached 1000 ppm which is the set threshold value. The
consistency of the logged data into the cloud with the retrieved data from the cloud was also confirmed in
this study. With the obtained results, the developed system has the potentials of adequately serving the
purpose of an alternative solution for LPG concentration measurement and monitoring device in the Third
World countries due to its low-cost, simplicity and availability.
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